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The success o f heavy-ion f u s i o n depends c r i t i c a l l y on t h e a b i l i t y t o focus heavy-ion beams t o m i 11 imeter-size spots.
Third-order geometric a b e r r a t i o n s caused by f r i n g e f i e l d s o f t h e f i n a l focusing quadrupoles can s i g n i f i c a n t l y d i s t o r t t h e f o c a l spot s i z e c a l c u l a t e d by f i r s t -o r d e r theory. We present a method t o c a l c u l a t e t h e l o c a t i o n s and strengths o f t h e octopoles t h a t a r e needed t o c o r r e c t these a b e r r a t i o n s .
C a l c u l a t i o n i n d i c a t e s t h a t t h e strengths o f t h e octopoles a r e s u b s t a n t i a l l y l e s s than t h a t o f t h e f i n a l focusing quadrupoles.
I n troduc ti on The a b i l i t y t o focus high-current, e.g. kA, heavy-ion beams t o m i l l i m e t e r -s i z e spots i s c r i t i c a l t o t h e success o f heavy-ion f u s i o n (HIF).
However. t h e f o c a l spot s i z e p r e d i c t e d by f i r s t -o r d e r t h e o r y i s s u b s t a n t i a l l y d i s t o r t e d by t h i r d -o r d e r geometric a b e r r a t i o n s caused by f r i n g e f i e l d s o f t h e f i n a l focusing quadrupoles.
Various authors attempted t o c o r r e c t these aberrations, f o r beams w i t h and w i t h o u t s i g n i f i c a n t space charge, by octopole magnets.1-7 However, t o o u r knowledge, no r i g o r o u s p r e s e n t a t i o n on how t o c a l c u l a t e t h e a p p r o p r i a t e l o c a t i o n s and strengths o f t h e octopoles f o r high-current beams has appeared so f a r .
I n t h i s paper, we show, t o a v e r y good approximation, t h a t i n c a l c u l a t i n g t h e l o c a t i o n s and strengths o f t h e octopoles f o r high-current beams, t h e t h i rd-order c o n t r i b u t i o n s from space-charge f o r c e can be neglected.
Thus, t h e procedure becomes almost i d e n t i c a l t o t h e treatment f o r low-current beams except t h a t t h e data from t h e f i r s t -o r d e r beam l i n e c a l c u l a t i o n i n c l u d i n g t h e space charge a r e used t o c a l c u l a t e t h e t h i rd-order c o r r e c t i o n .
C a l c u l a t i o n s i n d i c a t e t h a t t h e r e q u i r e d octopole p o l e -t i p f i e l d s t r e n g t h i s v e r y small, e.g. a few percent o f t h e s t r e n g t h o f t h e f i n a l quadrupoles.
C a l c u l a t i o n o f Third-Order Geometric Aberrations
To c a l c u l a t e t h e e f f e c t o f space charge forces, i t i s important t o note t h a t i f t h e i n i t i a l beam p r o f i l e i n t h e FODO t r a n s p o r t i s e s s e n t i a l l y uniform, i t remains e s s e n t i a l l y u n i f o r m both d u r i n g i t s r a d i a l expansion phase and a f t e r i t enters t h e f i n a l focusing lens system. This i s because t h e r a t i o o f t h e space charge f o r c e t o t h e thermal f o r c e i s l a r g e i n t h e t r a n s p o r t system, and t h i s r a t i o becomes even more pronounced d u r i n g t h e r a d i a l expansion. Note t h a t f o r intensely-charged beams, even i f t h e i n i t i a l p r o f i l e i s nonuniform, i t has a tendency t o become u n i f o r m a f t e r r a d i a l expansion.8
Thus, t o a good approximation, t h e r a d i a l e l e c t r i c f i e l d i s l i n e a r . 
The s i n g l e p a r t i c l e equation of motion t h a t includes expansion of quadrupole f i e l d s t o t h i r d order, i n t h e x d i r e c t i o n , then has t h e form799 *Work performed under t h e auspices o f t h e U. S. Department of Energy by t h e Lawrence
where k = qB/amv, a i s t h e bore radius, q i s t h e charge o f t h e p a r t i c l e , k s x x i s t h e l i n e a r space charge f o r c e p e r u n i t mass i n t h e x d i r e c t i o n , and t h e primed q u a n t i t i e s a r e t h e d e r i v a t i v e s o f these q u a n t i t i e s w . r . t .
t h e l o n g i t u d i n a l coordinate s .
To o b t a i n t h e equation i n
t h e y d i r e c t i o n , simply exchange x f o r y, k f o r -k, and k s x f o r kSy. Assume t h e s o l u t i o n t o t h e f i r s t -o r d e r p a r t i c l e equation o f motion has t h e form x = Cx(S)Xo + sxcs,x; where t h e q u a n t i t i e s w i t h s u b s c r i p t zero a r e t h e p a r t i c l e i n i t i a l c o n d i t i o n s a t t h e e x i t o f t h e FODO t r a n s p o r t system. The p a r t i c l e s t h a t s t a y c l o s e t o t h e beam edge a r e those which s t a r t near t h e beam edge and w i t h x; = y ' = 0.
SoPution t o Eq. (1) w i t h t h e above i n i t i a l c o n d i t i o n s and f i r s t o r d e r s o l u t i o n i n t h e form o f Eq. (2) i s
where s o and S F represent t h e l o c a t i o n s a t t h e e x i t o f t h e FODO system and a t t h e f o c a l spot, r e s p e c t i v e l y .
As a numerical example, we choose a beam c o n s i s t i n g o f i o n s w i t h atomic number 210 and charge s t a t e +2.
The e l e c t r i c a l c u r r e n t i s 3 kA and t h e emittance i s 2~l O -~m rad.
The f o c a l spot r a d i u s i s 3mm and t h e beam l i n e c o n f i g u r a t i o n i s shown i n F i g . 1 . The f i r s t o r d e r beam l i n e i s designed u s i n g t h e envelope code TRACE. Note t h a t i n designing t h e beam l i n e , we t r i e d t o keep t h e t o t a l l e n g t h as s h o r t as p o s s i b l e . This i s because, otherwise, t h e beam can expand i n t h e l o n g i t u d i n a l d i r e c t i o n s and chromatic a b e r r a t i o n s w i l l be induced.
We assume t h a t t h e magnetic p o t e n t i a l a t t h e ends o f each quadrupole f a l l l i n e a r l y t o z e r o over a distance o f 50 cm. I f t h e s i z e of t h e beam cross s e c t i o n a t t h e e x i t o f t h e FODO system i s 2.37 cm and 1.33 cm i n t h e x and y d i r e c t i o n s r e s p e c t i v e l y , i t can be shown from Eq. (1) t h a t t h e maximum a b e r r a t i o n experienced by a p a r t i c l e s t a r t i n g a t t h e beam edge w i t h no i n i t i a l transverse motion i s about 11.4mm a t t h e f o c a l spot. Thus, t h e t h i r d -o r d e r a b e r r a t i o n i s a serious e f f e c t .
CH2669-08998000--1047$01.0001989 IEEE _ _ -~~ OctoDole C o r r e c t i o n I n c a l c u l a t i n g t h e a b e r r a t i o n using Eq. (31, we n o t i c e t h a t t h e answer i s changed by no more than a few percent i f we leave o u t t h e c o n t r i b u t i o n s due t o space-charge e f f e c t , e.g. terms w i t h kSx. Thus, t h e e f f e c t o f t h e space charge c o n t r i b u t i o n t o t h e a b e r r a t i o n can be ignored i n c a l c u l a t i n g t h e l o c a t i o n s and strengths o f t h e octopoles t h a t a r e needed t o c o r r e c t t h i s a b e r r a t i o n .
Consequently, we can f o l l o w t h e method o f Fensterz t o c a l c u l a t e t h e l o c a t i o n s and strengths o f t h e octopoles.
The c o n s t r a i n t s on t h e c a l c u l a t i o n are: 1) we want t o minimize t h e strengths o f t h e octopoles; 2) t h e strengths o f t h e octopoles should n o t be t o o d i f f e r e n t from each o t h e r i n o r d e r t o minimize t h e s e n s i t i v i t y o f t h e f i n a l spot s i z e t o envelope f l u c t u a t i o n s .
We f i n d t h a t t h e dominate a b e r r a t i o n s can be c o r r e c t e d by p l a c i n g s i x octopoles a t l o c a t i o n s shown i n F i g . 1.
The p o l e -t i p strengths o f these octopoles are: SI = -S = -0.10T, S = -S = O.llT, and S = -S E 0.14T. Thefe strengths 'are %etween two an8 t h r h e percent o f t h e f i n a l quadrupoles. I t i s a l s o i n t e r e s t i n g t o note t h a t u s i n g two octopoles w i t h strengths about t w i c e t h a t o f t h e octopoles j u s t quoted, up t o about 90% o f t h e a b e r r a t i o n of t h e extreme p a r t i c l e s can be suppressed.
We a r e now performing f u l l y se1 f-consi s t e n t p a r t i c l e s i m u l a t i o n s t o i n v e s t i q a t e t h e deqree t h a t t h e octopoles w i t h 
